Abstract. Caveolin-1 (CAV-1), which is an oncoprotein and a tumor suppressor, is highly expressed in normal osteoblasts. Although researchers have investigated its role in human osteosarcoma, the mechanism of caveolin-1 action in osteosarcoma remains unknown. In the present study, Saos-2 and U-2 OS cells were cultured with a continuous induction protocol of gradually increasing Taxol concentration for 6 months to establish drug-resistant cell lines. CAV-1 expression levels in osteosarcoma cells were detected via western blotting and quantitative polymerase chain reaction. CAV-1 knockdown was achieved using a short hair-pin RNA lentivirus vector, and cell viability was analyzed by MTT assay. The effect of caveolin-1 on autophagy was investigated, and the downregulation of caveolin-1 and increased autophagy was identified in Taxol-resistant osteosarcoma cells. In addition, the results of the present study demonstrated that downregulation of caveolin-1 promotes autophagy and induces osteosarcoma cell resistance to Taxol. Notably, overexpression of CAV-1 resensitized drug-resistant cells to Taxol via declined autophagy. In conclusion, CAV-1 was demonstrated to be downregulated in Taxol-resistant osteosarcoma cells, and overexpression of CAV-1 in human osteosarcoma cells suppressed Taxol resistance by attenuating PI3K-Akt-JNK-dependent autophagy. The present findings suggest that further investigation into CAV-1's role in Taxol resistance is warranted. In the future, detection of CAV-1 may be used as an indicator to evaluate the treatment and prognosis of patients with osteosarcoma.
Introduction
Osteosarcoma is the most prevalent malignant primary sarcoma of the bone in children and adolescents, and is a leading cause of cancer-associated mortality in young adults, accounting for 3-4% of all malignancies and ~30% of malignant bone tumors in adolescents (1) . The development of effective chemotherapeutic treatment has improved five-year survival rates of patients with localized osteosarcoma in the US, from 20 to between 65 and 70% and the success of limb-sparing surgery over the past several decades (1); however, individuals with metastatic osteosarcoma continue to exhibit poor prognoses, with long-term survival rates only observed in <20% of patients. Despite the advancement of chemotherapeutic treatment, negative side effects, metastasis, disease recurrence and drug resistance have perpetuated poor outcomes for patients. Therefore, exploiting novel treatment strategies is crucial for osteosarcoma therapy.
The autophagy pathway has a critical role in maintaining cellular homeostasis by delivering macromolecules and organelles from the cytoplasm to lysosomes for degradation (2, 3) . Various stress conditions, including energy deprivation, nutrient starvation and oxidative stress, may rapidly induce autophagy, which has a critical role in maintaining cell homeostasis and survival (4) . However, consistent and prolonged activity of autophagy may induce autophagic cell death. Dysregulation of autophagy has been observed in various disease states, including infectious disease, cancer and neurodegenerative diseases (4, 5) .
The role of autophagy in cancer is complicated, and a previous study has referred to it as a 'double-edged sword' (2) . In particular, it has been demonstrated that autophagy suppresses mammary tumorigenesis driven by WNT1 activation (6) ; however, there is also evidence to suggest that autophagy is an important mechanism for cancer cell survival (7) . Therefore, whether autophagy inhibits or propagates cancer may depend on the type of cancer, therapeutic strategy, or both. A comprehensive understanding of all the autophagy factors is required to predict whether autophagy will protect cancer cells or kill them.
Drug resistance is a primary cause of cancer treatment failure. Many strategies to overcome drug resistance in cancer have been studied. For example, Wang et al (8) have previously reported that HMGB1-mediated autophagy promotes neuroblastoma cell chemoresistance; protective autophagy has been demonstrated to promote lapatinib resistance in HER2-positive breast cancer cells (9); Giuliano et al (10) have demonstrated that inhibition of autophagy leads to sunitinib resistance in renal clear cell carcinoma; and in a study conducted by Crystal et al (11) , MEK activation was revealed to promote ceritinib resistance and MEK inhibitor treatment was able to reverse resistance to ceritinib. A recent study indicated that caveolin-1 (CAV-1) was highly expressed in cancer stem cells and decreased cells' chemosensitivity (12) . CAV-1 inhibition has previously been shown to be associated with autophagic induction in human breast cancer cells (13) . Furthermore, it has been demonstrated that CAV-1 deletion increases basal autophagy, due to an increase in the complex of autophagy-related proteins 5 and 12 (Atg5-Atg12), and that a CAV-1 binding motif mutation broke this complex and accelerated autophagy (14) . In addition, previous studies have reported that CAV-1 deficiency was an independent factor for the poor prognosis of colorectal cancer, demonstrating that loss of CAV-1 may increase drug resistance and cancer metastasis (15, 16) .
In present study, Saos-2 and U-2 OS cells were cultured with gradually increasing concentrations of Taxol, in order to establish drug-resistant cell lines. The findings of the present study suggest that further investigation into the association between CAV-1 and Taxol resistance is warranted.
Materials and methods

Cell culture and lentivirus infection.
Human osteosarcoma cell lines were purchased from American Type Culture Collection (Manassas, VA, USA). Saos-2/Taxol and U-2 OS/Taxol cells were established via gradually increasing the concentration of Taxol, every fortnight (5, 10, 20, 50, 100, 150, 200, 250, and 300 ng/ml). DNA oligonucleotides carrying small hairpin (sh) RNA (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) were constructed into pLKO.1 plasmids (Addgene; Cambridge, MA, USA). Packaging (psPAX2) and envelope (pMD2.G) plasmids (Addgene, Inc) were transfected into HEK293T cells with recombinant plasmids. The supernatant containing lentiviruses were collected after 36 h. The short hairpin (sh)RNA used to assess caveolin-1 (CAV-1) and autophagy related protein 5 (Atg5) were as follows: i) shCAV-1#1, CAT CTA CAA GCC CAA CAAC; ii) shCAV-1#2, AGA CGA GCT GAG CGA GAAG; iii) shAtg5#1, ATT GGC TCA ATT CCA TGAA; iv) shAtg5#2, GCT ACT CTG GAT GGG ATTG; and v) control shRNA, CAC ACC GTT TCG TGG CTTT. The following inhibitory compounds (all 10 µM in culture medium) were used to treat cells in the present study: i) Bafilomycin A1 (autophagy inhibitor) for 4 h (Baf A1; cat. no. ALX-380-063-M001; Enzo Life Sciences, Inc., Farmingdale, NY, USA); ii) MK-2206 (Akt inhibitor) for 1 h (cat. no. 1888-500; BioVision, Inc., Milpitas, CA, USA); iii) SP600125 (JNK inhibitor) for 1 h (cat. no. S5567; Sigma-Aldrich, St. Louis, MO, USA); and iv) LY294002 (PI3K inhibitor) for 1 h (cat. no. L9908; Sigma-Aldrich).
Cell viability assay. Cell viability was analyzed via MTT assay using a Roche Cell Proliferation Kit I (Roche Diagnostics, Basel, Switzerland; cat. no. 11465007001) according to the manufacturer's protocol. All experiments were performed in triplicate. Results were plotted using Prism5 software (GraphPad Software, Inc., La Jolla, CA, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA from osteosarcoma cells was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and 4 µg was used for reverse transcription (RT). RT was performed using a first-strand cDNA synthesis kit (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. qPCR analysis was carried out using a SYBR Green kit (TransGen Biotech Co. Ltd., Beijing, China) on an ABI 7900 system (Applied Biosystems; Thermo Fisher Scientific, Inc.). qPCR reactions (20 µl Western blot analysis. Cells were lysed in RIPA buffer (Sigma-Aldrich). The concentration of the protein samples was determined by the Bradford method (18) . Lysates were denatured at 100˚C for 10 min and subsequently cooled on ice. A total of 40 µg protein was separated by 8-15% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane (GE Healthcare Life Sciences, Chalfont, UK). The primary antibodies used in the present study were: i) β-actin (cat. no. A1978; Sigma-Aldrich; mouse; monoclonal; 1:5,000 in 5% w/v milk); ii) microtubule associated protein 1 light chain 3 [(LC3; cat. no. 2775; rabbit polyclonal; 1:5,000 in 5% w/v bovine serum albumin (BSA; Sangon Biotech Co., Ltd., Shanghai, China); iii) Atg5 (cat. no. 2630; rabbit polyclonal, 1:2,000 in 5% w/v BSA); iv) phosphorylated janus kinase (p-JNK; T183/ Y185; cat. no. 4668; rabbit; polyclonal; 1:1,000 in 5% w/v BSA); v) JNK (cat. no. 9252; rabbit; polyclonal; 1:2,000 in 5% w/v BSA); vi) CAV-1 (cat. no. 3238; rabbit; polyclonal; 1:2,000 in 5% w/v BSA); vii) Akt (cat. no. 9272; rabbit; polyclonal; 1:2,000 in 5% w/v BSA); viii) p-Akt (S473; cat. no. 4060; rabbit; polyclonal; 1:2,000 in 5% w/v BSA); ix) Atg7 (cat. no. 2631; rabbit; polyclonal; 1:2,000 in 5% w/v BSA); and x) Beclin1 (cat. no. 3495; rabbit; polyclonal; 1:2,000 in 5% w/v BSA) (all Cell Signaling Technologies, Inc., Danvers, MA, USA).
Laser scanning confocal microscopy. Cells stably expressing ref fluorescent protein (RFP)-LC3 were cultured in live cell imaging culture dishes (Livefocus, Jiangsu, China; cat. no. C-L-8) and subjected to serum starvation in Hank's balanced salt solution (Thermo Fisher Scientific, Inc.) or lentivirus. Living cells were visualized using a Zeiss LSM510 meta-confocal system (Zeiss AG, Oberkochen, Germany). A total of 200 cells were detected at each condition, and significant differences were analyzed by Student's t-test.
Statistical analysis. Statistical analyses were conducted using GraphPad Prism5 (GraphPad Software, Inc.). Significant differences were analyzed by performing a Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results
CAV-1 expression is reduced in Taxol-resistant human osteosarcoma cells.
A recent study indicated that CAV-1 was highly expressed in cancer stem cells and decreased cells' chemosensitivity (12) . To explore the expression levels of caveolin-1 in Taxol-resistant osteosarcoma cells, a qPCR assay was performed to detect CAV-1 mRNA expression levels (Fig. 1A) . The results indicated that CAV-1 expression levels were significantly decreased in Taxol-resistant human osteosarcoma cells, compared with their non-resistant counterparts (P<0.05; Fig. 1A ). Western blot analysis was performed to examine the protein expression levels of CAV-1 in Saos-2/Taxol, U-2 OS/Taxol and their drug-sensitive parent cells (Fig. 1B) . These findings were consistent with the results of qPCR analysis. Caveolin-1 expression was markedly reduced in Taxol-resistant human osteosarcoma cells, as compared with the Soas-2 and U-2 OS controls.
Basal autophagy is higher in Saos-2/Ta xol and U-2 OS/Taxol cells, compared with Saos-2 and U-2 OS cells.
CAV-1 inhibition has previously been shown to be correlated with autophagic induction in human breast cancer cells (13) . Autophagy is a regulatory mechanism that protects cells from stress; however, prolonged consistent autophagy may cause type II programmed cell death (4). To detect autophagy in the present study, canonical markers of autophagy in Saos-2/Taxol, U-2 OS/Taxol and their drug sensitive parents cells were analyzed (Fig. 1B) . Atg5, Atg7, LC3 II and Beclin1 were demonstrated to be highly expressed in Saos-2/Taxol and U-2 OS/Taxol cells. LC3I to LC3II conversion indicates a more pronounced formation of autophagosomes, and the increase of Atg5, Atg7 and Beclin1 is typically suggestive of autophagy onset (3). CAV-1 levels were demonstrated to be reversely correlated with basal autophagy onset in human osteosarcoma cancer cells in the context of Taxol resistance. For the observation of autophagosome formation, it was established that cells stably expressing RFP-LC3 mediated via a lentivirus-associated mechanism. Significantly increased basal autophagy was exhibited by RFP-LC3 puncta in Taxol-resistant cells, with serum starvation used as a positive control for autophagy ( Fig. 1C and D; P<0.01).
CAV-1 knockdown induces Taxol resistance and autophagy in Saos-2 and U-2 OS cells.
To explore the effect of CAV-1 in Taxol resistance and autophagy, a CAV-1 knockdown system was established using lentiviral transduction. To investigate the silencing efficiency of two different shRNA targeting CAV-1, qPCR and western blot analysis were performed in Saos-2 and U-2 OS cells ( Fig. 2A and B) . Following knockdown of CAV-1, cells were treated with Taxol (10 nM) and cell viability was examined using an MTT assay kit. As shown in Fig. 2C , knockdown of CAV-1 was induced resistance to Taxol, and when autophagy-related markers were detected, autophagy was significantly enhanced after CAV-1 knockdown (P<0.05). These results indicate that deficiency of CAV-1 may induce autophagy and Taxol resistance in human osteosarcoma cells. Fig. 1B , CAV-1 expression was significantly reduced in Taxol-resistant human osteosarcoma cells. To further elucidate the function of CAV-1 in autophagy and Taxol resistance, CAV-1 was overexpressed in Saos-2/Taxol and U-2 OS/Taxol cells (Fig. 3A) , and alterations in autophagy and drug resistance were subsequently examined. Autophagy was significantly inhibited following CAV-1 overexpression in Taxol resistance cells ( Fig. 3B and C; P<0 .05). MTT assay was performed to evaluate cell viability, and the viability of Taxol resistant cells was significantly decreased after CAV-1 was overexpressed ( Fig. 3D; P<0 .05). Notably, cell viability was significantly reduced in the overexpression group even without Taxol treatment ( Fig. 3D; P<0 .05).
Overexpression of CAV-1 prevents autophagy and Taxol resistance in Saos-2/Taxol and U-2 OS/Taxol cells. As shown in
Inhibition of autophagy weakens Taxol resistance mediated by CAV-1 deficiency.
It has previously been reported that various clinical anti-cancer agents, including tamoxifen, cetuximab and imatinib, are able to induce autophagy in cell culture and animal models (5) . The present study revealed that autophagy was increased in drug-resistant cells. To assess the role of autophagy in drug resistance, autophagy was inhibited using two different methods; including inhibition of autophagy at the genetic level and administration of an autophagy inhibitor, Baf A1 (10 µM). In the present study, Atg5 knockdown was stimulated to hinder autophagy activation ( Fig. 4A and B) . As shown in Fig. 4C , basal autophagy and autophagy induced by CAV-1 deficiency were blocked by downregulating Atg5. Subsequently, it was demonstrated that Taxol resistance mediated by the loss of CAV-1 in Fig. 2C was markedly decreased after the inhibition of autophagy by downregulating Atg5 (Fig. 4C) . When cells were treated with Baf A1 (10 µM), drug resistance was declined following autophagy inhibition (Fig. 4D) . These results suggest that CAV-1-associated Taxol resistance involves the autophagy pathway.
CAV-1 reduces Taxol resistance and autophagy by JNK signaling.
To investigate how CAV-1 reduces Taxol resistance and autophagy, the role of JNKs in this process was analyzed as JNKs have previously been reported to mediate Taxol resistance in ovarian carcinoma cells (19) , and JNK1-mediated phosphorylation of B cell lymphoma-2 has an important role in the regulation of autophagy (20) . To compare Taxol-resistant cells and their parent cells, the activation of the phosphorylation of JNK and upstream Akt was increased, suggesting an increase in JNK activity (Fig. 5A) . The effect of JNK on autophagy and Taxol resistance of osteosarcoma cells was subsequently investigated. Inhibition of JNK activity was achieved by treating cells with a JNK inhibitor (SP600125), which significantly decreased the level of autophagy and the Taxol resistance of Saos-2/Taxol and U-2 OS cells ( Fig. 5B; P<0.05) . However, overexpression of CAV-1 abolished the activity of JNK and Akt, and decreased the level of autophagy and Taxol resistance of Saos-2/Taxol and U-2 OS cells ( Fig. 5C; P<0.05) . The expression of a constitutively active JNK rescued the inhibiting effect of CAV-1 on autophagy and Taxol resistance (Fig. 5D) . These results indicate that CAV-1 inhibits autophagy and Taxol resistance via JNK signaling. To identify the pathway by which CAV-1 inhibits the activity of JNK, the role of PI3K and Akt in this process was examined. Inhibition of either PI3K or Akt activity using a PI3K inhibitor (LY294002) or Akt inhibitor (MK-2206) decreased JNK activation (Fig. 5E) . These results indicate that CAV-1 may inhibit JNK activity via a decrease in PI3K-Akt activity and suggests that CAV-1 may inhibit autophagy and Taxol resistance via the PI3K-Akt-JNK pathway.
Discussion
Osteosarcoma is the most prevalent malignant primary sarcoma of bone in children and adolescents, and is a leading cause of cancer-associated mortality in young adults, accounting for 3-4% of all malignancies in adolescents and ~30% of malignant bone tumors (1) . Standard therapy is typically multimodal, including neoadjuvant chemotherapy and subsequent amputation or limb-sparing reconstructive surgeries, with adjuvant chemotherapy (1). Chemotherapy plays a significant role in improving patient survival and decreasing mortality in cancer patients (21,22) ; however, drug resistance, whether acquired or otherwise, threatens the clinical outcomes and prognoses of patients with cancer.
Genetic alterations are thought to be key factors in the majority of solid tumors. There are numerous molecules correlated with drug resistance, which have not been demonstrated to be causative factors; therefore, these molecular markers are not ideal targets for developing pharmacological agents (5) . However, in recent decades, genetic diagnosis and gene therapy have become fast-growing areas of research. Progression in molecular technologies has promoted the elucidation of the mechanisms underlying carcinogenesis, Autophagy mechanisms have captured increasing attention, and autophagy-related genes have become viable prospects for novel potential targets in cancer treatment (23, 24) .
Autophagy is characterized by the bulk degradation of damaged organelles and misfolding proteins, and is a critical process for cellular homeostasis, differentiation, viability and mammalian development (25) . Autophagy has also been demonstrated to cause cell death in certain conditions, working as a tumor suppressing mechanism during the initiation stage of cancer progression (5) . Conversely, once the tumor has formed, autophagy assists in the prevention of cell death induced by anticancer therapeutic agents (26) .
Therefore, autophagy has two inverse effects in different contexts.
Autophagy has been identified in various tissues, and has been demonstrated to correlate significantly with cancer, cardiomyopathies, neurodegenerative diseases and bacterial infections (4, 5) . Various proteins are associated with the detection of autophagic activity, including Atg5, Atg7, Beclin1 and the microtubule-associated protein LC3. LC3-I and LC3-II are two cellular forms of LC3 protein; LC3-I is the cytoplasmic form, whereas LC3-II is located in the autophagosomal membrane (7) . Therefore, an increase in the conversion of LC3-I to LC3-II is correlated with the extent of autophagosome formation.
To date, the function of CAV-1 in autophagy remains unclear. In the present study, CAV-1 loss was observed in drug-resistant osteosarcoma cells and induced the activation of autophagy. In a previous study, loss of CAV-1 was also reported in various types of malignancies including colon cancer, breast cancer and drug-resistant ovarian carcinoma (27) . Furthermore, it has been demonstrated that CAV-1 deletion increased basal autophagy due to an increase in Atg5-Atg12, whereas CAV-1 binding motif mutation broke the association between Atg5 and Atg12 and accelerated autophagy (14) . The present study also provided evidence that CAV-1 loss contributed to autophagy and the Taxol resistance of Saos-2 and U-2 OS cells via the PI3K-Akt-JNK pathway; whereas the overexpression of CAV-1 inhibited autophagy and declined Saos-2/Taxol and U-2 OS/Taxol resistance to Taxol. Interrupting autophagy genetically (via the knockdown of Atg5) or with an autophagy inhibitor (Baf A1) impaired the drug resistance induced by CAV-1 deficiency. Previous studies have similarly reported that CAV-1 deficiency was an independent factor for the poor prognosis of colorectal cancer individuals, demonstrating that loss of CAV-1 may assist drug resistance and cancer metastasis (15, 16) .
In conclusion, the results of the present study demonstrated a novel function of CAV-1 in human osteosarcoma cells, indicating that attenuating autophagy may be a promising potential therapeutic approach. In the future, detection of CAV-1 may be a good indicator with which to evaluate the treatment and prognosis of osteosarcoma.
